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CHAPTER I 
INTRODUCTION: 
At the very outset of the present 
century physics, especially the nuclear physics branch 
entered into a new world, the invisible silent world of 
nucleons and the elementary particles.The laws of classical 
physics cease to operate in this new world. Nuclear physics 
deals with the most fundamental properties of the matter, the 
interaction of particles with matter. The interaction ox 
elementary particles with matter leads to the theory of 
nuclear reactions, particularly the particle ijaduced nuclear 
reactions which provide valuable information about the 
nuclear reactions. 
The discovery of radioactivity in 1869 led to 
the knowledge of the nature of nucleus. Rutherford, in 1919 
achieved the first artificial transmutation also called 
nuclear transmutation which opened a new field of sl^ udy of 
nuclear reactions. A nuclear reaction, in general, is one in 
which an atomic nucleus interacts with the nuclear projectile 
resulting in the emission of elementary particles leaving the 
final residual nucleus. Macroscopically,we can say that in a 
nuclear reaction process we may have the information of the 
reaction process before and after the ' reaction has taken 
place. However, what exactly happens during the reaction 
itself is not well known. To explain the reaction mechanism 
[2] 
Bohr proposed the compound nucleus mechanism assuming that 
as the incident particle comes in close contact with the 
target nucleus it is absorbed in it forming the compound 
nucleus and the energy and momentum of the projectile is 
shared by all the nucleons till the equilibrium is 
established. After the formation of the compound nucleus it 
decays and the decay of the compound nucleus is independent 
of its mode of formation. This is called independent 
hypothesis. The compound reaction mechanism is likely to be 
[3] 
valid at relatively lower excitation energy , However, at 
relatively higher excitation energies the formation of the 
compound nucleus is unlikely and the reaction process is 
generally described by the direct reaction mechanism, which 
may be further classified into knock-out, stripping or pick-
up reactions. The research activities in the study of 
reaction mechanism have got big boost by the development of 
accelerating machine of Cock-croft and Walton, cyclotron of 
Ernest 0. Lawrence and electrostatic generator of Van de 
Graaff etc. 
[4] 
In 1950 Ghosal carried out experiments 
using accelerated particle beams and established the validity 
of the independent hypothesis for statistical nuclear 
reactions. Prior to the Bohr's compound nucleus model the 
nuclear reaction mechanism was not well established due to 
the lack of the knowledge of the nature of nuclear forces 
which play a significant role in the reaction mechanism. The 
nuclear forces have extremely short-range action. These 
forces begin to operate at the dimensions close to the 
dimensions of nuclear particles. With the advancement in the 
nuclear detectors and pulse processing electronics, attempts 
were made to study the energy spectra, the angular 
distribution and double differential cross-sections of the 
particles emitted in the nuclear reactions. A typical 
[5] 
curve between intensity and energy of emitted particles 
during the nuclear reaction is shown in fig.I.l. In this 
figure at lower energies there lies a broad maximum which is 
followed by the continuum but at higher energies there are 
several discreet peaks, some of v^ich are well resolved. The 
isolated peaks at higher energies may be attributed to the 
direct reactions which take place without the formation of a 
compound nucleus. At low energies it looks like that the 
reaction has taken place in several steps. The broad peak at 
much lower energies indicates that the particles are emitted 
from the equilibrated nucleus. However, there is no 
c 
Compound nucleus 
Reactions to 
discrete 
states 
Energy 
Fig.I. 1 Typical energy spectrum of emitted particles 
in a nuclear reaction at moderate energy. 
Siitlsfactozy explanation of the continuum. The formation of 
tii^ contlnui;un may be due to the nuclear ree^tion process 
which serves as a bridge between these two extreme reaction 
processes. This reaction mechanism can be explained by 
considering the fa^ tt that the evaporation of the particles 
from the compound system may take place before the 
establishment of the thermodynamic equilibrium, in other 
words, the decay of the compound nucleus may take place 
during the equilibration itself. This is called pre-
[6] 
equilibrium emission (FE) This reaction mechanism can be 
studied by following the excitation functions of the given 
reactions. Because of the statistical nature of the reaction 
involved, a very precised definition of the incident energy 
is not required. Therefore, the Variable Energy Cyclotrons 
are well suited to study these excitation functions. 
[7-11] 
Sevecral models have been proposed to 
explain the emission of particles during the equilibration 
process from the nuclear reaction at medium energies. 
Recentally totally quantum mechanical theories have also been 
[12J 
proposed A more recent development in this field is the 
[12] 
evolution of the quantum-mechanical multistep theories 
which predict the high energy tails of the excitation 
functions. The semi-classical theories are applicable to a 
large range of reactions as compared to the quantum 
mechanical theories du« to the complexity of writing the 
[12] 
exact wavefunction in quantum BBechanical approach The 
quantum mechanical theories, in the years to come, will no 
doubt, be applied to a larger range of reactions. A wide 
range of data on excitation function, energy and angular 
distribution are required to test the validity of PE theories 
at moderate excitation energies. 
The excitation function data for the alpha 
induced reactions of (alpha,Xn) type may be used to study the 
angular momentum effects in nuclear reactions. Alpha 
particles have higher angular momentum which produce compound 
system of higher spin states after "the collision process. 
With a view of studying the pre-equilibrium 
emission and angular momentum effects in nuclear reactions at 
moderate excitation energies a pz*ogramme of precise 
measurements of excitation functions for the reactions of the 
type (alpha.Xn,Yp,ZoC)(X-1-4,Y=1,Z=1) over a wide range of 
t2u:^ et nuclei has been under taken. As a preliminary 
experiment the excitation functions for alpha induced 
197 
reactions for the target nucleus Au in the energy range 
79 
i30-60 MeV have been measured using stacked foil technique. 
The samples have been arranged in the fortn of a stack with 
degradors and irradiated at the Variable Energy Cyclotron 
Centre (VECC), Calcutta, India. The post irradiation analysis 
has been performed using a 100 cc OETEC Ge(Li) detector 
coupled with the multichannel analyser {CAIIBERRA-88). The 
theoretical calculations for excitation functions have been 
done in the frame work of pre-equillbrium/equilibrium 
statistical models with the computer code ALICE/LIVERMORE 
[13] 
82 . The computation of excitation ftinctions has been done 
using the VAX-11/780 computer at the Computer Centre, 
A.M.U.Aligarh. 
The details of the experimental technique and 
measurements are given in chapter II of this thesis, while 
the various theoretical nuclear reaction models are discussed 
in the third chapter. Theoretical calculations for the 
measured excitation functions have been done using the 
computer code ALICE/LIVEWiORE 82, details of which are given 
in chapter IV. Finally, chapter V deals with the results of 
the present experiments. References are given at the end of 
each chapter. 
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CHAPTER II 
Experimental Technique and Measur^aents: 
The probability of occurrence of a 
particular reaction is measured by its cross-section which 
refers to an area of imaginary disc associated with the 
nucleus, through which, if the fa<wibarding particle passes 
only then the reaction will take place. The cross-section is 
denoted by symbol o- which has got dimensions of area and in 
general is a function of the bc«ab2urding energy. Cross-section 
-24 2 
is expressed in units of barn which is equal to 10 cm 
and is abbreviated as 'b'. The much smaller unit of cross-
-27 2 
section is millibarn abbreviated as mb (1 mb = 10 cm ). 
Cross-section for a nuclear reaction is a quantity which can 
be measured on one hand and can also be calculated 
theoretically on the basis of particular reaction mechanism. 
If N be the initial target nuclei irradiated for a 
0 
time t with an ©c-beam of g$ flax density, then the total 
cross-section for a given type of event may be given by the 
expression 
Number of events of given type per unit time /rr A Q- :, ••••Cn.lj 
a * ^ * t 
10 
The quantities a^ p^earing in the denominator 
of the above expression are directly measurable. Therefore, 
to calculate the cross-sectit>n of the particular reaction it 
is required to measure the quantity appearing in the 
numerator i.e. the number of events of given type per unit 
time. This may be determined in two ways e.g., let us 
consider a nuclear reaction 
A + a = Y + b 
where, an incident particle 'a' strikes a target nucleus 'A' 
producing the residual nucleus 'Y' with the emission of 
nuclear particle 'b'. 
There are two methods of finding the number of 
events of given type. By detecting the emitted particles of 
type 'b' say, during the reaction. This process of 
identifying the emitted particles require IN-BSAH experiment, 
in which one has to place the detecting system (detectors) 
within the scattering chamber itself and counting is done 
during the irradiation. Obviously in-beam experiments are 
more involved and complicated ones due to the large 
backgrounds. However, if the residual nucleus is radio-active 
having relatively measurable half-life, number of events can 
be found out by following the activity of the residual 
nucleus, this can be done after the irradiation i.e., 
OFF-BEAM experiments. This method of determining the 
11 
intensity of induced activity is ganerally called the 
activation technique. 
Excitation functions may be studied by using 
either the spinning wheel technique or the stacked foil 
technique. In the spinning wheel technique several specimen 
samples with different thicknesses of degrador are 
individually fixed at the front face of the rotating wheel. 
As this wheel rotates each sample is exposed to the beam at 
different energies for the desired time of irradiation. 
In the stacked foil technique, a stack of 
samples with desired energy degradors is made for 
irradiation. Different specimens of the samples are thus 
exposed in identical geometry to different energies of 
incident beam. 
In the present experiment the stacked foil 
method for irradiation has been used. Activation technique 
has been employed to determine the cross-section at different 
incident energies. An alpha-beam of 60 MeV provided by the 
VECC Calcutta was made to irradiate the stack. 
Activation Technique: 
It is a method of measuring the cross-
section by following the activities induced in the sample by 
its irradiation. The activation analysis has most widely 
[1] 
been used in various fields of research work 
12 
The rapid growth in the activation analysis has been mainly 
due to substential improvement in the detection techniques 
and nuclear electronics available for the analysis. The 
activation analysis may further be defined as a method of 
inducing artificial radio-activity within a sample through 
the bombardment of nuclear particles, which leads to the 
isotopic analysis. High precision, selectivity and 
sensitivity are the advantages of this technique. For the use 
of activation analysis knowledge of energy levels and decay 
schemes of residual nuclei are required. 
Target: 
Selection of the specimen for irradiation and its 
analysis thereafter depends upon the various properties i.e., 
physical, chemical, and nuclear properties of the target and 
the residual nuclei and also upon the time of irradiation. 
99.9% spectroscopically pure thin foils of gold having 
2 
uniform thickness «:?30.96 mg/cm have been used to make a 
stack for irradiation. The sample foiLs were cut into small 
2 
pieces of size 12*12 cm which were sticked using the 
conducting glue Zapon on aluminium target holders having hole 
of diameter 10 mm at the centre of each of them. The 
aluminium target holders have been used for rapid heat 
2 
dissipation. Thin foils of niobium of thickness»10.71 mg/cm 
*C -bearr, 
13 
i 1 ^ i ^ i i 
=s: » »= 
60 MeV 
-i i I I 1 
4 5 6 7 8 9 10 
INDEX 
Au Foil 
Nb Degrador 
Fig.II.1. ARRANGEMENT OF FOILS IN STACK 
14 
have been used as the energy degradors and were placed 
between each two gold foils throughout the stack to achieve a 
wide energy variation till the last foil. A stack of gold 
foils with niobium foils as energy degradors is shown in 
Fig.II. 1. The energy of incident alpha-particles on each foil 
in stack can be calculated from the energy degradation of 
initial beam energy using the stopping power values for 
different materials (Au & Nb). The stopping power values from 
the table of Northcliffe and Schilling have been used. The 
errors quoted in the incident energy values are due to the 
energy spread in the thickness of foils and degradors. The 
stopping power vs alpha particle energy curve for sample (Au) 
and degrador (Nb) is shown in Fig.II.2. The energy loss in 
the sample and degradors has been calculated by multiplying 
the stopping power with their respective thicknesses, viz, 
[ dE/dX ] dX = dE 
The calculated values of alpha-particle energy on each foil 
alongwith its energy spread is given in Table II.1. 
Irradiation: 
For alpha-particle beam irradiation the 
dimensions of the sample or target depend upon the 
geometrical size of the incident beam, while the duration of 
irradiation is decided by the half-lives of the induced 
15 
16 
Tablie II. 1 
Foil number Incident energy 
1. 59 .17 ± 0 .835 
2 . 56 .72 + 0 .865 
3 . 54 .15 + 0 . 9 0 0 
4 . 5 1 . 5 0 + 0 . 9 3 0 
5 . 4 8 . 7 5 ± 0 . 9 7 5 
6. 45 .7d + 1 . 0 l 0 
7 . 4 2 . 7 6 + 1.070 
8. 3 9 . 5 9 ± 1.090 
9. 3 6 . 2 1 + 1.15"0 
10 . 3 2 . 7 0 + 1.240 
17 
activities of interest. The diameter of external <<-beam at 
VECC was greater than 10 mm. In the present experiment beam 
diameter was reduced to 8 mm using a tantalum collimator. 
Keeping in view the half-lives of the induced activities of 
interest the stack was irradiated for 1800 seconds (30 
minutes) with an alpha beam of current 200 nA. Charge 
collected in the Faraday cup has been used to calculate the 
ofbeam flux. In the present case the incident alpha-beam flux 
12 2 
was found to be 1.199*10 alpha particles per sec per cm . 
The samples of Au and Nb degradors sticked on aluminium 
target holders have been taken together to form a stack. This 
stack is then screwed at the centre of the flange. A low 
conductivity water (LCW) jet cools directly both the flange 
and the stack at the back side. The collimated beam current 
falling on the target sample can be monitored. The flange has 
standard beam transport compatible dimentions. The sketch 
(Fig.II.3) indicates a special arrangement to irradiate the 
foil samples. The sample holders are electrically insulated 
and cooled by specially designed jet assembly for LCW. 
Formulation: 
The disintegration rate of the activity induced in 
a sample after a time 't' from the stop of irradiation may be 
[3] 
given by the expression 
(dN/dt)^ r i'JJl ^ % i 1- exp(-/t,)}/{ exp ( ;^  t)}] 
(II.2) 
18 
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where, 
NQ = the number of target nuclei 
JP = the flux of incident particle beam 
t = the length of irradiation time 
^j— = the reaction cross-section 
r 
?\ = the decay constant 
The decay constant /S is expressed by the reaction 
7s =ln 2 / t (II.3) 
1/2 
where, t = half-life of the product nucleus. The typical 
1/2 
factor [l-exp(-7>t| )] is called the saturation correction 
and takes into account the decay of activity during the 
irradiation. The decay of the induced activity in the small 
time interval'dt'can be given by using equation(II.2), as 
dn =[ (Tic ^ No {l-ex|)(->it| )}/exp('>tJldt 
. . ..(II.4) 
or dn = (Tr <f> No [ l -exp( -? i t , ) ] [exp( - > t ) ] d t 
( I I . 5 ) 
If the activities induced within the sample are 
recorded for a time 't^' after a lapse of time 't2'then the 
total number of nuclides decayed in time 't^.' "to ' tj.^  t^' 
will be given by 
C = jdn .... (II. 6) 
20 
where, 
C =[<7- i> N {l-exp(-?yt,)}{l-exp(->t)}]/[;^exp(>ta.) 
r o ^ 
. . . .(II.7) 
If the induced activity is recorded by a detector,then 'C 
can be given in terms of the observed counting rate 'A' of 
the detector by the expression 
C = A /[ (G£ ) 9 K ] (II.8) 
where, 
A = the total number of counts recorded in time t« , 
G€= the geometry dependent efficiency of the 
detection, 
0 - the branching ratio of the particular radiation, 
K = the self absorption correction. 
Now using the expressions (II.7) and (II.8) the reaction 
cross-section may be represented by the expression 
^ 
A ^ exp ( Titj ) 
( G£ ) d No Q K [1- exp(-?t,) ][1- exp (-[^ tJ] 
... (II.9) 
Also the count rate at the time of stop of irradiation is 
given by 
A ?iexp ( ?i tj.) 
n - ....(II.10) 
*^ ° C 1- exp ( -At3)] 
21 
then, 
C 
^ trzQ (11.11) 
(G6) 0 Np 9 K [ 1- exp (->t, )] 
This is the final expression used for calculating the 
reaction cross-section. 
Measurements: 
The excitation functions for the reaction 
197 197 197 
Au {<<,n), Au (<7C.2n), Au (tfC,3n), 
79 197 79 79 
Au (oC,4n) have been experimentally measured 
79 
in the energy range5s30 - 60 MeV using the stacked foil 
technique. 
An alpha particle beam of 60 MeV provided by 
VErC has been used for irradiation of the samples. The alpha 
12 
beam current 200 nA and flux 1.199*10 alpha particles per 
2 
second per cm for 1800 seconds has been used for the 
irradiation of the stack. The post irradiation analysis has 
been done using ORTEC coaxial solid state lithium drifted 
germanium [Ge(Li)3 detector of 100 c.c. active volume, having 
an energy resolution 2 keV for 1.33 MeV coupled to the 
Multichannel Analyser CANBERRA-88 available at VECC. The 
152 
standard gamma ray source Eu of half-life 13.33 years with 
4 
dps 3.652 * 10 on 17.05.1982 obtained from the Radio 
Chemistry Unit at VECC has been used for the energy 
calibration as well as for determining the detection 
I L I 
57 
efficiency of the detector. Other standard gamma sources Co, 
60 137 22 54 
Co, Cs, Na, Mn have also been used for the energy 
calibration purpose. The energy calibration helps in 
identifying the gamma rays of interest in the spectrum. A 
152 
typical gamma ray spectra of standard source Eu is shown 
in Fig. II.4. 
The detection efficiency may be calculated using the 
relation 
£ ^ ? ....(11.12) 
N [exp (->t) ] e G 
ao 
where, 
N is the observed disintegration rate, N is the 
o ao 
disintegration rate at the time of manufacture of the 
152 
standard gamma source (Eu ), 't' the time lapse between 
manufacture and measurement, 0 being the absolute intensity 
of gamma ray, G is the geometry factor for counting and 7\ is 
the decay constant of the standard source. 
The probable error in the determination of the 
geometry factor has been avoided by determining the detection 
efficiency as 
GC= (11.13) 
N r exp ( ->t ) ] 0 
ao 
G £ is also called the geometry dependent efficiency of 
the detector. 
23 
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The geometry dependent efficiency of the detector 
haj been calculated at various gamma ray energies. Various 
gamma rays used for this purpose are enlisted in table II.2 
along with their absolute intensities. The geometry dependent 
efficiency calculated at various gamma ray energies has been 
plotted for a distance of 11.40 cm at which both the standard 
gamma-ray source as well as the irradiated samples have been 
placed for counting to keep geometry of counting same for 
both the standard source and the irradiated samples. The 
geometry dependent efficiency curve for Ge(Li) detector as a 
function of gaaima ray energy is shown in Fig. II. 5. 
After the irradiation the samples were taken for 
counting one by one starting from the last sample so as to 
minimise the dead time less than 10% due to the high activity 
induced in the samples facing to higher incident energies. 
Counting of each sample has been done for a period of 500 
seconds. The decay schemes of the residual nuclei of interest 
200 199 198 197 
(Tl , Tl , Tl , Tl ) are shown in Fig.II.6. The gamma 
ray spectrum of each sample has been analysed in order to 
identify the photopeaks of interest produced from the 
residual nuclei. A typical gamma ray spectrum indicating the 
various photopeaks at bombarding energyK56.72 ±0.87 MeV is 
shown in Fig.II.7. In geneial, a given residual nucleus 
decays by many gamma rays of different energies (Fig.II.6). 
In such cases where more than one gamma rays originating from 
25 
Table 
S. No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
II .2 
Gamma ray energy 
(keV) 
121.78 
244.69 
344.27 
788.90 
1085.91 
1112.12 
1408.97 
Abso ilute intensity 
( % ) 
30.68 
07.72 
27.20 
12.72 
10.10 
13.40 
21.97 
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the same residual nucleus were recorded, the cross-section 
has been calculated from the induced activity of some of the 
gamma rays. The final experimentally measured cross-section 
at given incident energy has been taken as the weighted mean 
of the cross-section calculated from different gamma rays. 
The mathematical formula used for calculating the weighted 
average is given below. 
If X ,X , X , be the different measured 
1 2 3 
values of the same quantity, then weighted average is given 
[4] 
as 
where, 
_ r w^  Xi, 
X = 
W^= 1 /(AX-^ ^ ) 
-1/2 
Internal error = CS.^ t 3 
Standard error of the weighted mean also called as the 
external error has been given by the expression, 
n (n - DXWj, 
A computer programme has been used for calculating 
the reaction cross-sections and the errors for various 
reactions using the above mentioned formulations. Measured 
values of the cross-section along with various correction 
factors are given in table II.3. 
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In the stacked foil technique successive samples 
get irradiated by alpha particles of decreasing energy. Since 
the intensity of a particular induced activity in the given 
sample depends on the cross-section for the reaction 
responsible for the activity, the strength of the induced 
activity varies from first sample to the last sample of the 
stack. However, if the ratio of the intensity to the cross-
section for the induced activity is plotted as a function of 
time lapse for different samples of the stack, it should 
follow the decay curve of the induced sictivity and from this 
curve half-life of the induced activity can be determined. As 
a check the ratio [(dN/dt)/cr-(E)] for various induced 
r 
activities of interest in different samples are plotted on 
semilog scale as a function of time and are shown in 
Fig.II.8. It may be seen from these figures that the half-
199 
lives corresponding to various residual nuclei ( Tl, 
198g 197 
Tl, Tl) obtained from the present data agree reasonably 
with their literature values. In these calculations dN/dt 
is the observed counting rate and cr^(E) is the average value 
of the cross-section obtained by the present experiment. 
Errors: 
Reliability of an experimental measurement depends 
on the evaluation of errors. In the present measurement the 
various factors likely to introduce errors are inaccurate 
weighing, chemical and spectroscopic impurities in the 
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specimen, the non-uniformity of the specimen, fluctuations in 
the incident flux, inaccurate determination of detection 
efficiencies, the statistical errors in the counting, the 
uncertainty in the spectroscopic data etc. 
To minimise the errors on account of weighing of 
samples an electronic microbalance has been used. An error of 
< 0.1% is expected due to inaccurate weighing and has been 
neglected. The chemical impurities in the sample have been 
neglected because 99.9% spectroscopically pure samples of 
gold have been used. To check the uniformity^ of the gold foil 
thickness, pieces of gold foil of different dimensions were 
weighed and thickness in each case was calculated. Errors on 
this account were estimated to be negligibly small. During 
the course of the irradiation the fluctuation in the beam 
current has been ± 2 %. Due to this variation in current the 
12 12 
o(-beam flux varied from 1.22 * 10 to 1.18 * 10 alpha 
2 
particles per second per cm . The uncertainty in the 
determination of detection efficiency may introduce major 
errors in the measurement of cross-sections. The computation 
of effeciency may be inaccurate on account of uncertainty in 
the spectroscopic data of standard gamma source and the 
statistical errors in the counts. The statistical error in 
counting of the standard gamma ray source has been minimised 
by recording the counts for a comparatively larger times i.e. 
2000 seconds. The errors arising in the efficiency due to 
50 
statistical errors of counting have been calculated e.g., for 
the gamma rays of energies 121.78 keV and 244.69 keV the 
errors in efficiency have been found to be less than 0.3% and 
0.7% respectively, however, for the gamma rays of higher 
energies the percentage error may be slightly higher but 
never exceeding 1.2 %. As such the errors in the efficiency 
are included within the size of the data points in Fig.II.5. 
The above mentioned errors do not include the uncertainty of 
the nuclear data which has been taken from the nuclear data 
tables. 
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CHAPTER III 
NUCLEAR REACTION MOI^LS: 
The various processes which may 
occur in nuclear reactions at different stages in time are 
schematically represented in Fig.III.1. In the first stage as 
is shown in this figure, the incident particle and the target 
nucleus starts coming within the range of nuclear forces 
resulting in scattering and or absorption of the incident 
particle. Absorption leads to the second stage in which a 
compound system is formed. The compound system eventually 
decays into the emitted particles and the residual nucleus. 
It is obvious that the second stage is the most complicated 
and there is no way to know exactly what has happened during 
[1] 
this stage. Bohr , in 1936 postulated the concept of 
compound nuclear reaction m-echanism to explain the second 
stage (intermediate stage) of the reaction process. According 
to Bohr's picture, a projectile interacting with a target may 
be absorbed by the target nucleus which results in the 
formation of the compound nucleus (CN). The CN lives long 
enough so that the energy and momentum of the projectile get 
distributed among all the nucleons. The compound system, 
depending upon the incident energy may break-up into residual 
nucleus with the emission of nuclear particles like neutrons, 
•o 
-^  o ^ 
2 E In 
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protons etc. or the ganuna rays. In compound nuclear reaction 
whole system is involved. CN reaction mechanism is more 
[2] 
likely to occur at relatively lower excitation energies 
However, both the intuition and recent experiments indicate 
that particle emission may take place even during the 
establishment of thermodynamic equilibrium. In CN reaction 
mechanism it is assumed that the collisions inside the CN 
take place until the equilibrium is established. It is very 
much likely that after each collision particles are emitted. 
In the light particle induced reactions it is more likely 
that the CN may not be formed only in a single step reaction, 
but proceeds through a fast nuclear cascade such that after 
the first projectile-target interaction the few initially 
excited particles and holes ( together called as excitons ) 
loose energy by exciting further excitons. The particles 
which are emitted during the establishment of thermodynamic 
equilibrium are called pre-equilibrium or pre-compound 
particles and the reaction mechanism is termed as the pre-
[3-4] 
equilibrium emission process . Usually the particles 
which are evaporated during the equilibrium have higher 
energies as compared to those which are emitted in the 
compound nucleus (CN) decay and the probability of pre-
equilibrium emission increases with projectile energy. 
Recently, many remarkable models have been unfolded 
to explain the pre-equilibrium emission of particles which 
55 
may be classified into two broad categories viz. semi-
classical models of pre-equilibrium emission and the quantum 
mechanical models. 
The salient features of the compound nucleus model 
[3-5] 
along with pre-equilibrium models are discussed in the 
following sections. 
Compound Nucleus Model: 
This model was first given by 
[1] 
Bohr in 1936. According to this' model as soon as the 
incident particle and the target nucleus undergo a nuclear 
interaction they are combined to form a compound nucleus. The 
exchange of energy and momentum between the target nucleus 
and the incident particle takes place and a thermodynamic 
equilibrium is established. Thus the compound system forgets 
about its history of formation. In the next step of the 
reaction, by chance excess energy may be concentrated on few 
nucleons which may get emitted resulting in the decay of the 
compound nucleus (CN). Thus formation and the decay of the CK 
[6] 
are taken independent of each other. Weisskopf-Ewing have 
developed theoretical calculations based on partial wave 
analysis for the calculation of cross-sections according to 
Bohr's model. In this model for every partial wave the 
conservation of angular momentum and parity are not reckoned 
5B 
distinctly, nevertheless, it provides the magnitude of 
nuclear cross-section. On the other hand Hauser and 
[7] 
Feschbach treated the problem in more details and have 
explicitly taken into account, the conservation of angular 
momentum and parity. 
According to the Weisskopf-Ewing statistical 
[6] 
model the average reaction cross-section is given by 
-^,,=[^--t^t^L'^w/^3 
where, j and k represent the incident and out goifte ptt*'-bit:*l*4S 
respectively. In the above equation the first term in the 
square brackets represents the cross-section for the 
formation of compound nucleus, which may be computed by 
employing the transmission co-efficients for partial waves. 
The terms in the second square brackets is called the 
branching ratio which depends upon the final products of type 
k. It may be calculated by using the level densities. In 
general the level density for the nucleus is given by the 
expression 
W ( E ) = C Exp ( 2E/e ) 
where, C is the constant for a given nucleus and varies with 
excitation energy E and the nuclear temperature ©. Further 
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[6] 
detailes of the calculations are given elsewhere. 
[73 
In Hauser-Feshbach model the angular momentum and 
parity conservation are used and the optical model potential 
is employed for reckoning the absorption cross-section. Using 
[8] [9] 
the symbols of Woosley et ai. and Holmes et al. the 
average cross-section for the reaction I ( j, k ) L can be 
given as 
b 
where, /A and \> represent the discreet energy levels of the 
residual nucleus L and the target nucleus I respectively. 
M is the reduced mass. E^ represents the energy of ( I + j ) 
j « 
compound system in the centre of mass frame. '^-^Jiai. ( J ' is 
the sum of transmission functions for all channels 
T ^ ( J, 1 ,s ) and T^ ( J ,1*, s') are transmission 
ani 
12] 
/i I o, 1 ,s ) ana i, 
^ )U ^ [10-
functions for ( I + j ) and ( L + k ) systems. Moldauer 
has given a detailed description of these calculations. 
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Pre-equiltbrium Models 
Some of the important semi-classical 
[13,17.19,21] 
models which may explain the pre-equilibrium 
emission of particles are given below: 
CI] Intranuclear Cascade Model 
[2] Harp Miller and Berne Model 
[3] Exciton Model 
[4] Hybrid Model and Geometry Dependent Hybrid Model 
Intranuclear Cascade Model-' 
The Intranuclear cascade model 
[13] 
was proposed by R.Serber in 1947. A digramatic 
[13] 
representation of this model is shown in Fig.III.2. It 
can be seen from this figure that the two body interactions 
are followed in three dimentional geometry in nuclear 
environment. While dealing with the computational problem the 
trajectories of the nucleons are followed one at a time 
during the cascade until some arbitrary energy (generally 
considerably above the average equilibrium value) has been 
attained by the nucleon. After that, the trajectories of the 
nucleons are followed one at a time. With the evolution of 
the computers the cascade model have become more intricate 
with respect to the physics going into the calculations This 
model has shown intricacy while dealing with the larger 
number of the collisions. The various forms of the nuclear 
potential well and the nuclear density distributions have 
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Fiq 111.2 Pictorial representation of the Intranuclear Cascade Model 
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[14,15] 
been used The chief characteristic of this model is 
that--it can predict the angular distribution, but in the 
medium energy range it does not predict them very well. The 
detailed cascade calculations were performed with the 
[16] 
Brookhaven 'VPOT' code and the 'ORNL' code due to 
[14] 
Bertini 
Harp Miller Berne Model* 
This model was proposed by Harp et 
C17] 
al. The schematic representation of this model (usually 
called as HMB model ) is shown in Fig.III.3. As is shown in 
this figure the reaction starts at some time "^. In actual 
calculation the total excitation is divided into bins of some 
suitable size ( say 1 MeV ) and the occupation density in 
each bin is stored. During the evolution of the reaction the 
population in these bins change due to the scattering and 
emission of particles into the continuum and the allowed 
transition rates for all nucleons in the nucleus are 
calculated. The two-body transition rates are calculated 
using N-N scattering cross-sections. To find out the possible 
ways of scattering into and out of each bin the earlier 
calculations are iterated. The equilibrium problem is solved 
by the set of coupled differential equations, one for each 
bin, in this model. Though, the problem of imitating the 
energy bin population in time is an intricate problem, yet 
this model is simple in approach as compared with others. The 
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Fig.III. 3 Pictorial representaiion of the Harp-Miller - Berne Model, 
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details of the formulations used by Harp and Miller hav« been 
[17,18] 
given elsewhere. 
Exciton Model: 
[19] 
Exciton model proposed by Griffin is an 
improvement over the EIME model. The general physical notion 
of the exciton model has been illustrated in Fig.III.4. As 
the nucleons enter the nucleus, a series of two-body 
interaction may give rise to say, a 2-particle, 1-hole state 
i.e. initial exciton number being equal to three. A basic 
assumption of this model is that each configuration of p-
particle and h-holes forming a state of total excitation 
energy U is equally probable. It is assumed that the 
successive two-body interactions changes the exciton number 
of the system by +2 or 0. Transition rate in this model are 
calculated using level densities of interja^diate states' which 
depend on the exciton number. S i n ^ the level den'sities 
increases with the exciton number, ' the reaction 
predominantally goes in the forward directions as shown by 
the longer arrows in figure III.4^^The total number of 
emitted particles during equilibra^^M may be calculated by 
adding the contributions from all th^^bates. As the exciton 
number increases towards the equilibrium value, the 
probability of particles having high energy decreases 
exponentially The following simple statistical expression 
given by Williams may predict the particle hole stat© 
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lp,oh 
2p;h 
3p,2h 
(n^-1) p -
2 
(TT-Dh 
^ ^ 
iX ^ 
X 
X 
r ig I I U Pictorel representation of exciton model . 
[20] 
densities in the uniform spacing model as, 
(n-1) 
o « [ U - A ] 
Vn( E ) = 
p! h! (n-1)! 
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en (E)=-
g [ gE - A ( P.h )] 
p! hi (n-1)! 
(n-1) 
where, 
n = p + h 
2 2 
and, A(p,h) = (l/4)(p -(- h ) +(l/4)(p-h) -(l/2)h 
The probability of decay from n-exciton state has been given 
[5] 
by the expression 
P^( £ ) d€ = (2s+l) 
e^(U.E) 
-0. 4 TT P dp a-^^r\ 
SI 
n 
-11 P (€) d£ 
(2s + l) ra e (7-
7\2 h^ g £. I (U/E) ' P(n-l) "trs d€ 
The mean life time/T' can be calculated as 
n 
n, n ^ n 
2% 
^ 
-- I M I fn'(E) 
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where, |M| is the matrix element for the two body 
interaction, P (E) is the transition rate from the initial 
n' 
exciton state (n) to the final state in') at any particular 
energy E. 
Hybrid Model and Geometry Dependent Hybrid Model: 
This 
[21J 
model was proposed by Blann (1971) This approach was 
designed to maintain the physical transparency and simplicity 
of exciton model (EM), while permitting the calculations of 
absolute spectral yield as in HMB model. Since the ideas were 
borrowed from both these models and hence it has been called 
the "Hybrid Model". This model predicts the fraction of pre-
equlibrium decay as a function of excitation energy. The 
probability of emission of a particle of type X in the 
channel energy range e. to e+d6. ( also called as pre-
equilibrium decay probability ) has been predicted by this 
[3] 
model as 
r\ 
n I 
h=Ar X 'n -n 
P (£) d£= y n P [P (U,e) /p (E)3* g.d€. 
*C7\ ( £ ) / {>y ( €) +> ( €)}]*D 
_ c c n+2 n 
= > n P ( 6) d6 
where, nP refer to the number of particles of type X in a 
X 
state having exciton number equal to n, the exciton number is 
the sum of excited particles and hole. The term P (U, ^ ) 
^n 
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represents the density of states in which n(=p+h) exciton 
can be arranged in such a way that at the time of emission 
the exciton may have energy leaving the remaining 
excitation to be spread over the remaining (n-1) excitons. 
The term P (E) represents the density of states having n 
n 
excited particles at excitation E. 
In the above expression two square brackets have 
been used, the quantities in each bracket have a particular 
significance. The first bracket represents the fraction of 
n(=p+h) excited states with one excited particle (exciton) at 
any energy in between £ and £+<i€: with respect to continuum, 
'X ( € ) being the rate of intranuclear transition, "^^ ( £. ) 
n+2 c 
represents the emission rate into the continuum at energy € . 
given a s 
^ ( € ) = c 7 - v o / g v 
c r c r 
In the above expression the inverse cross-section has 
been represented b y ^ . Velocity of particle being v and g 
r r 
the single particle state density in any arbitrary volume V. 
The terra D represents the fraction of the initial population 
n 
providing de~excitation by particle emission before the n-
exciton state. 
The internal transition rates can be calculated 
either from the optical model or from the N-N scattering 
cross-sections. The internal transition rates in the optical 
model as well as in N-N scattering can be calculated by 
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dividing the nucleon velocity v with the mean free path 
(MFP). 
After some refinements in the Hybrid Model, 
[22] 
Blann proposed another model called as Geomet.ry Dependent 
Hybrid Model, which include the effects of interaction in 
diffused nuclear surface. The Hybrid model has been 
reformulated as a sum of contributions over impact 
[22] 
parameter 
2 ^ 
n - ( e ) de - 7T^ \ (21 + 1) T P (6) d € 
X ^—- 1 X 
where, the pre-equilibrium probability is written as P . 
[23] X 
Assuming the Fermi density distribution, the density d(R) 
at distance R is given by 
_ -1 
d(R) = d [ exp(R-C)/ Z+1] 
where d is the central nuclear density. 
1/3 
C =1.07A fm 
and Z = 0.55 fm 
Quantxun Mechanical Theory: 
In ar. endeavour to understand the 
pre-equilibrium processes through nucleon-nucleon 
interactions, the quantum mechanical multistep theories have 
[24] 
been developed . Various semi-classical models have already 
[13-,17,19,21] 
been proposed which more often gives the best fit to 
the observed energy and angular momentum of the emitted 
particles with the suitable choice of certain parameters. 
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[25-
Recently quantum mechanical theories have been developed 
31] 
for reckoning the cross-sections of pre-equilibrium 
processes. The quantum mechanical theories have been divided 
into two categories in which two extreme types of pre-equilibrium 
processes may be discerned: the multistep compound (MSC) and 
the multistep direct (MSD) reaction. The MSC particle 
o 
emission is symmetric to 90 as in case of compound nucleus 
decay whereas the MSD processes lead to the strong forward 
peaking. The MSD calculations have actually been carried out 
only for nucleon induced reactions. The multistep description 
of the nuclear reaction has been given in Fig.III.5. The 
emission of the particles before equilibration is. assumed to 
take place either directly from each stage of P-chain or 
indirectly from Q-chain. If the pre-equilibrium emission 
takes place from Q-chain then the emission goes through 
various stages of P-chain, in three different ways as shown 
in Fig.III.6- The particles of higher energy come from the 
initial stages of the chain while the less energetic 
particles come from the later stages. The multistep direct 
reactions occuring in the P-chain show foi'ward peaked angular 
distribution. The reaction occuring in the Q-chain are of 
compound character and give symmetric angular distribution. 
The MSD and MSC processes through P and Q-chains don.inate 
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in the high and low energy regions respectively. The quan*i.n 
[4,24] 
mechanical theory of Feshbach, Kerman and P-.>^i-^.nir. P r-
suitable to both the MSC and MSD processes. As the ancid<-n" 
nucleon interacts the target nucleus the reaction proceeds in 
various. stages. It is probable at each stage that the 
reaction goes forward to the next stage, returns to tne 
earlier stage or goes to the continuum, tne last possibility 
[4,24] 
corresponds to the pre-equilibrium emission 
[1] The Multistep Compound Theory: 
In this theory, the 
transitions in a series of excitation can be made one at a 
time similar to that of exciton model. This is known as the 
chaining hypothesis. For an example, from the N stage, 
th 
reaction can proceed only either to (N-1) stage or (N+1) 
th th 
stage or to the final stage. Jumping to the next stage 
leaving one inbetween is not possible i.e. from N to 
th 
(N+2) stage leaving (N+1) stage is not possible. The 
th th 
relation between the exciton number n and the sta.ee number N 
is given by N=(n-l)/2 The probability of the trarsition is 
proportional to the I'-'vel density i r. the final ?.t cii-
The cross - section for the formation of composite 
nucleus is given by the expression 
cr -- TT'KX- f2.TM) T ^  
a j J 
where, T is the transmission cofficient given by 
J 2 
T ^ 1 I S l" 
J J 
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The probability of emission of particle into the 
continuum from N stage is given by 
th 
where, %) is the number of possible stages, /^_ is the 
emission width, P(U) is the level density at excitation 
J 
energy U andp represents the total width. 
*NJ 
The double differential cross-section for the pre-
equilibriura emission is given by 
^2 ^ ft 
:,7r'^ / (2J+1) / y c?-T p^ (Cos e)* 
where, C represents the angular momentum coupling co-
ls J 
efficient given by 
•^ s / 2 ; ^ + i \ / j j j 
where, /\ may have the values 0,2,4, 
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Integrating over all angles, we may have 
The level density is given by 
^N N n 
N n 
n 
where, n= 2N + 1 and Sj- is the spin dependent factor. 
(n-1) 
g (gE) 
P(E) = 
'^ p 1 h ! (n-1) ! 
g being the total single particle state density, p ,h 
being the number of particles and holes (n=p+h). 
The spin dependent factor is given by 
2 
^ 2J + 1 - ( J+1/2) 
2 
where CT" is the spin cut-off parameter, given by 
2 
O- = 2 Ct 
^ being the nuclear temperature 
and 
90 
A _i 
C ^ (MeV) 
73 
2 
E = a^ t -?' 
2 
where a = TT . g / 6 
Approximate values for the level density parameter and 
the singl particle state density are 
a =(A / 8) (MeV) and g =(3A/4A*) (MeV) 
respectively 
The probability of the emission of the particles 
decreases as the reaction go in forward direction and the 
rate of growth of level density reduces. For the computation 
purpose a division between equilibrium and non-equilibrium 
reaction stages is desirable in FKK theory. A stage called as 
r stage is chosen for this purpose. The r staige is 
th th 
defined as the last one having a level density less than or 
equal to approximately ten times the level density of the 
previous stage. 
The probability that the nucleus reaches the r 
th 
stage without particle emission is given by 
^ '^' <r.> 
The dominance of the multi-step compound 
processes at lower energies is most likely. The multi-step 
compound processes are distinguish 3d in the spectra of 
backward emitted particles. 
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The Multistep Direct (MSD) Theory: 
At higher excitations it 
is assumed, throughout the course of reaction that atleast 
one particle remains in the continuum. It is already assumed 
that the reaction takes place in various steps of increasing 
complexity. The total emission cross-section is given by 
^N,N-i dSL de 
where, W represents the cross-section for a transition 
N,N-1 
from (N-1) to N stage and k being the particle momentum 
th th N 
at N stage. 
th 
The total multistep cross-section is given by 
S r ^  S 
multistep ^ N 
= Z. Y"w 'W ,....w s . 
N ffe^jMN N,N-1 21 1 
After integrating over all angles and momentum, the 
multistep cross-section is given by 
d^'u.-f .yf {^JA]^(Ah. fik^x 
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The expression for transition matrix element is given by 
where , ^ (k^ ) is the density of particle states in the 
continuum given by 
3 T 
f(k^ ) = m k/ (2 TT) ^ 
P (U) represents the level density of the residual nucleus at 
N 
excitation energy U. v^ j^ _^  (k^ , k^ _^  ) being the matrix element 
representing the transition from (N-l)y^  stage to N^ ;^  stage 
at the time when a particle which is in the continuum changes 
its momentum from k^_j to k^ 
If V(r) be the effective interaction for the 
transition, j{^  and yL be the incoming and outgoing 
distorted waves respectively, y^ • and y^/< are the initial 
and final nuclear states, then the matrix element is given by 
the distorted wave Born-approximation expression as 
The averaged value of the square matrix element is given by 
hJ 
where S is the spin distribution function of the residual 
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nucleus. The averaged single step cross-section is expressed 
by the relation 
where the suffix 2 refers to the residual nucleus stage 
after first interaction. 
Semi-classicl models and in recent years totally 
quantum mechanical models have been developed to describe the 
non-equilibrium processes. However, it has not been possible 
to treat multiparticle emission in the quantistic approach as 
yet and the:^ore, measured excitation functions have been 
calculated theoretically with and without the inclusion of PE 
emission using semi-classical models. 
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CHAPTER IV 
COMPUTER CODE: 
The theoretical calculations of the 
excitation functions for the alpha induced reactions have 
been done with and without the inclusion of pre-
equilibrium emission of particles using the computer code 
[1] 
ALICE/LIVEMWRE 82 . This code is am improvement over the 
[2] C3] 
otiher codes ALICE and OVERLAID ALICE The pre-
equilibrium and equilibrium calculations have been done with 
C4] 
the help of this computer code using hybrid model and 
[5] 
Weisskopf Ewing evaporation model respectively. 
Statistical fission calculations can also be done in this 
[6,7] 
code using Bohr-Wheeler transition state model . This 
code is capable of taking into account the emission of 
particles in groups. These particular groups of particles may 
be n; n&p; n,p&«c; n,p,oC&^ d. However, the organization of the 
code is such that it does not take into account the sequence 
of emission of particles i.e., np and pn emissions are not 
distinguished. The incident particle may either be a simple 
or complex.nucleus. The present form of this code is able to 
perform the calculations of the excitation functions upto the 
energy range 200 MeV. Various parameters are required in this 
code for performing these calculations. Q-value ; n,p,alpha 
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and d binding energies for all the product nuclei under 
consideration in the evaporation chain are calculated within 
[8] 
the code using Myers-Swiatecki/Lysekil mass formula . The 
pairing energy term is taken as S = 11///X. For odd-even 
nuclei pairing term is taken as zero, for even-even nuclei 
pairing term is taken as +gaod for odd-odd nuclei as -S-
The inverse cross-sections required for the calculation 
are internally calculated using the optical model. For pre-
equilibrium calculations of the excitation functions, either 
[4] [9] 
hybrid model or geometry dependent hybrid model can be 
used optionly. As such only a few parameters are required to 
be given as the input data, while most of the other 
parameters are internally calculated as default. In the input 
data it is required to give the neutron and proton number of 
the tsurget and projectile, the initial exciton number, level 
density parameter and the mean free path multiplier. In case 
of pure compound calculations the parameters like exciton 
number and COST are not required to be given in the input 
[2,3] 
data. In the earlier version of this code , pre-
equilibrium emission of only one particle (neutron or 
proton) was considerd. But with the increase in the 
excitation energy this assumption becomes poor. In the 
[1] 
present version of this code it is capable of dealing with 
multiple particle emission in pre-equilibrium decay above 55 
MeV. The multiple emission of particles may take place in 
81 
such a way that a nucleus may emit more than one exciton from 
a given exciton state i.e., 2p +lh state may emit up to 2 
particles. This com^ puter code is also able to perform the 
calculations with multiple particle emission in the pre-
equilibrium decay. Level density parameter 'a' is an 
[5] 
important parameter of any statistical nuclear reaction 
In general 'a' is tsiken equal to A/PLD, where PLD is some 
constant. It is possible to adjust the constant PLD in the 
present code. The possibility of pre-equilibrium emission in 
the hybrid model depends on the mean free path of two-body 
interaction.The matrix element |M| for two-body interaction 
is not well known, the mean free path in this code is 
multiplied by (COST +1), where COST is a free adjustable 
parameter. As such by varying COST the nuclear mean free path 
can be adjusted so as to reproduce the experimental 
[1] 
excitation functions. In the present code following 
[10] 
expressions have been used to calculate the single 
particle level densities for protons amd neutrons 
1 '2 
g = {Z/20)[(^ + B + £ ) / £ ] ' 
P f^ p f 
and 
1/2 
g = (N/20)[(£ + B + € ) / £ ] 
n f n f 
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The level density ^(U) at an excitation energy U has 
been calculated from the fermi gas model using the 
[10] 
expression 
-5/4 
f(U) = i\] -S) exp [2/a(U -g)]] 
where the symbols used have their usual meaning. 
Finally at channel energy £ the cross-section 
for the emission of particles may be represented by the 
following expression, according to the equilibrium decay 
[5] 
model of Weisskopf-Ewing , cis 
(k-V TT^^ (*^+i) TtCAs»+i)f Ca^ i)T„^  eie.i)/T> 
where ^ represents the reduced de-Broglie wave length of 
incident ion, T is the transmission co-efficient for the 1 
1 th 
partial wave, Sy is the intrinsic spin of particle -^  (with 
1 
^=n,p,d or oC ) • T-y is the transmission co-efficient for 
particle i> with orbital angular momentum 1, E is the 
excitation energy in the emitting nucleus. 
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CHAPTER V 
RESULTS AND DISC^SI£» 
The experimentally measured cross-sections for the 
production of radionuclides 200^1, 19«T1, l^^g^j^ ^^^ 197^^ 
1 Q7 by alpha induced reactions on ygAu are summarised in the 
table V.l and the excitation functions for these reactions 
are shown in Figs.V.l to V.4 respectively. The errors given 
in the energies in table V.l are due to the energy loss in 
the thickness of the target foils. In the present analysis 
isomeric state of l^ Sm-p^  with half-life 1.8 hrs resulting 
from the (oC,3n) reaction has not been observed because of 
the larger time lapse. However, the cross-section for the 
production of radio-isotope IS^ S-pi ^g measured. The measured 
excitation functions are also compared with the other 
measurements available in the literature'- ^ ^ and generally 
reasonable agreement is found. However, the cross-sections 
for (oC.^n) of Lanzafame et al.'•*J do not agree with that 
r 1 S I 
of ours and other ones"^  ' .^ Our measured excitation 
functions agree with the reported values of Kurz et al.'^^^, 
Katajum et al.f^^^ and Bhardwaj et al.^^^^ in the overlapping 
regions. 
The excitation functions are also calculated 
with and without the inclusion of pre-equilibrium emission. 
The computer code ALICE/LIVERMORE Szf^ ^^  is used for computing 
the theoretical excitation functions. As has already been 
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pointed out in chapter IV, the several input parameters are 
required in this code, minimum being the target charge, 
projectile charge and mass number, projectile energy and the 
title card. Other remaining parameters may be chosen by 
default option in this code. One of the important parameters 
for PE calculations is the initial exciton number n which 
o 
provides the initial configuration of so called compound 
system. The computed values of the cross-sections are found 
to be very sensitive to the initial exciton number of the 
compound system particularly in the high energy tail region. 
The compound nucleus calculations or the equilibrium 
[7] 
statistical model calculations have also been done and 
are shown by broken curve in Figs. V.5 to V,8. As may be seen 
from these figures the high energy tails of the 
experimentally measured excitation functions cannot be 
explained by the pure compound reaction mechanism. The high 
energy tails of the theoretically calculated excitation 
functions based on the pure compound mechanism falls very 
sharply while the experimentally observed excitation 
functions do not descend so fast. On the other hand in the 
pre-compound model, emission of the particle is possible 
[8] 
during the process of equilibration . It is possible that 
in the initial steps of the reaction total excitation energy 
is shared among only few nucleons and some of them may escape 
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before the establishment of thermodynamic equilibrium. This 
will result in the emission of larger number of particles 
with relatively higher energies and hence the tail of the 
excitation functions will /descend slowly as compared to the 
case of pure compound emission. 
[6] 
In computer code ALICE/LIVERi'lORE 82 there are 
three adjustable parameters namely PLD, exciton number n and 
o 
COST. PLD fixes the value of level density parameter 'a' and 
the exciton number (n ) decides the initial configuration of 
o [9] 
the compound system. In hybrid model only the relative 
excitation funcitons are calculated. To adjust their absolute 
magnitudes, parameter COST is varied. To reproduce the 
experimentally measured excitation functions, the 
calculations are done in 2 MeV steps using various values of 
these parameters. Some typical calculated excitation 
functions are plotted in Figs.V.5 to V.8. As can be seen from 
these figures, the best fit value for all the reactions is 
obtained for PLD=13, n =5 and C0ST=3. The initial exciton 
o 
number n =5(3n +2p +0h) is found to give a good agreement. It 
o [10] 
indicate towards the assumption that the initial energy 
is shared by more neutrons as compared to the protons. This 
[1«] 
assumption may further be confirmed by the fact that in 
197 
the compound system Au + c< , the ratio of neutrons to the 
protons is nearly 1.5. 
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?r«-«failitafittm Frcotioa: 
The pre-equilibrium fraction (FR) 
for the reactions (c<,n), (^,2n) and (p<,3n) have also been 
computed by comparing the equilibrium and pre-equilibrium 
excitation function data. The FRs have been calculated by 
subtracting the calculated compound contribution from the 
best fl1; excitation functions calculated using both the 
compound and pr^e-compound emission. The parzuneter FR, defined 
as the ratio of the pre-compound contribution to the total 
reacti<Hi cross-section, may be taken as a measure of the 
relative strength of the pre-compound emission. The FR's have 
been plotted as a function of incident alpha particle energy 
and is shown in Fig.V.9. As can be seen from this figure FR 
increases very rapidly with energy for all reactions and 
attains a near constant value when the threshold of the next 
neutron evaporation opens. 
[6] 
Th« computer code ALICE/LIVERMORE 82 is capable 
of calculating the total cross-sections but is unable to 
calculate the cross-sections for isomeric states of the 
resulting radionuclides. This code also does not distinguish 
between reactions like (t< , 2p 2n) and ( e< , ©C ) etc. 
Moreover, in this code, most of the parameters like Q-value, 
Binding energies, Level density parameter, Optical model 
parameters etc. are internally calculated using semi -
105 
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empirical or global formulations, as such it is not possible 
to use the specific experimental values of these 
parameters for a specific case. The limitations of this code 
justify the necessity of a better code for reliable 
Cll] 
performances, A computer code ACT has been developed on 
[12] 
the lines of STAPRE which gives better results. The 
[11] 
calculations from the code ACT are not used in the 
present work. Recently totally quantxon mechanical 
[13,14] 
theories have also been proposed. At present they are 
[14] 
applicable only for the nucleon induced reactions , 
because, for a complex particle the quantum mechanical 
treatment of the initial projectile-target interaction 
becomes very much complex. The ambiguity exists in the 
calculations involving the projectile having a complex wave 
function. Also ±he multiparticle emission i.e., the cases 
with more than one particle in the continuum have not yet 
[14] 
been treated in the quantistic approach No doubt, the 
strong complications presented by such cases would jnake these 
calculations practically impossible. Otherwise, one should 
use approximations, therfore approaching the philosophy of 
semi-classical models, which we have aJLready used. 
Considering the above facts, it may be concluded that for 
such systematic calculations the quantistic calculations, if 
[15] 
not impossible are impracticable , as has also been 
[15] [14] 
mentioned by Bonetti , Gruppelaar, Nagel and Hodgson 
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In conclusion we can say that the high energy 
tails of the measured excitation functions show substantial 
contribution from PE emission and disclose the dominance of 
non-equilibrium reaction mechanism at higher energies. 
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